Background. Thin glomerular basement membranes may be an important cause of microscopic haematuria. Unfortunately measurements are often not made because of the complicated methods currently employed. Methods. A simplified method of measurement of glomerular basement membrane thickness, involving only 16 selected measurements on a single glomerulus, was compared with the accepted, but time-consuming, orthogonal intercept technique. Thirty-one needle biopsies from patients with renal haematuria unexplained by conventional histology and immunofluorescence were studied. Measurements were made on the same ultrathin sections. Results. The new method was found to give much lower values (mean (SD) 202 ±51 versus 282 + 52nm) with limits of agreement of -131 to -30 nm compared with the orthogonal intercept method. The coefficient of repeatability was 39 nm for the orthogonal intercept method and 56 nm for the new method. However, using two glomeruli the new method had limits of agreement of -120 to -41 nm with a coefficient of repeatability of 38 nm. Conclusions. Provided two glomeruli are measured the new technique is sufficiently accurate for the diagnosis of thin membrane nephropathy, in appropriate cases, and is much simpler and cheaper than the orthogonal intercept method.
Introduction
Thin-membrane nephropathy [1] (TMN) or benign familial haematuria [2] is characterized by diffuse thinning of the glomerular basement membrane (GBM), particularly the lamina densa. It has been
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Subjects and methods

Specimens
Since 1991 our department has performed GBM thickness measurements using a modified orthogonal intercept method, on 36 renal biopsies. The measurements were performed at the request of the histopathologist reporting on the biopsy. In all cases there was renal haematuria which the pathologist felt unable to explain adequately on the basis of the light-microscopy or immunofluorescence findings. Routine electron-microscopy excluded the classical findings of Alport's syndrome or significant deposits. Four cases were excluded because alternative diagnoses were made on review or the specimen was inadequate. One case was excluded because the ultrathin sections were damaged.
Of the remaining 31 patients, 22 were male, 15 of the biopsies having come from military hospitals. The mean age was 32 years (range 17-63). Table 1 summarizes the clinical features based on retrospective analysis of case notes. Timed urine collections were not always performed. All had documented microscopic haematuria, several were classified as having loin-pain-haematuria syndrome. Only a few had either impaired excretory function or proteinuria. A family history of renal disease or deafness was not noted prior to biopsy in any of the cases. Cases for study were not selected on the basis of apparent basement membrane thickness. Further detailed clinical assessments were not requested for this study, which was concerned solely with the technical issue of measurement techniques.
All specimens were needle biopsies of native kidneys. The commonest findings on light-microscopy were tubular red blood cells and mild mesangial expansion and/or proliferation. Immunofluorescence frequently showed faint IgM or C3 deposits in the mesangium. 5   6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31   37  20  33  63  51  29  26  35  32  35  47  56  26  17  26  22  17  50  25  19  41  32  34  18  35  25  21  20  39  26  39 T   194  201  202  214  226  242  244  255  255  270  270  271  275  276  277  277  278  278  283  285  286  293  293  303  319  331  340  348  385  391  398   137  152  144  150  158  156  193  168  179  207  160  204  169  178  192  215  210  180  195  212  196  220  248  207  187  253  249  261  278  298  309 MH, macroscopic haematuria; Prot, proteinuria; SCr, serum creatinine; LPH, loin-pain-haematuria syndrome; GBM Dische, glomerular basement membrane thickness by Dische method; GBM Direct, glomerular basement membrane thickness by direct method on two glomeruli; * symptom or sign present.
Specimens for electron-microscopy were fixed in 2% glutaraldehyde in 0.1 M cacodylate buffer for 4 h at 4 C C. Specimens from outside hospitals were transported in 4% paraformaldehyde in the same buffer before glutaraldehyde fixation. Specimens were then stored in cacodylate buffer before postfixation in 1% osmium tetroxide, dehydration in graded ethanol and acetone and embedding in Araldite CY212. Processing was carried out automatically in a Lynx el tissue processor (Australian Biomedical Corporation, Mordialloc, Victoria 3195).
Silver/gold-coloured ultrathin sections were cut from two glomeruli on an LKB Ultratome III and mounted on uncoated copper/lead grids, mesh size 300. They were stained with uranyl acetate and lead citrate.
Morphometry
GBM thickness was measured, as specimens became available, by one of the authors (AD) following precisely the method of Dische [9] on an AEI Corinth 275 microscope. Briefly, nine photomicrographs were made of peripheral capillary loops of each of two glomeruli at a final magnification of 12000. Where possible loops adjacent to grid bars were selected. The minimum distance between endothelial cell and epithelial cell plasma membranes (orthogonal intercept) was recorded in classes using a transparent measuring ruler; measurements being made where the lines of an overlaid 4-cm grid cut the endothelium. Mesangial areas were excluded. The harmonic mean of these values was calculated and the result corrected to allow for oblique sectioning. A standard cross-grating replica (2160 lines/mm) was photographed at the beginning and end of each film to allow the exact magnification to be calculated. A mean of 116 measurements were made on each glomerulus (range 78-154). Calculations were performed on a programmed computer spreadsheet (Microsoft Excel 4.0). The procedure was carried out without reference to the clinical or histological findings.
For the second method the grids were coded (independently for the two glomeruli for each case) and rephotographed by AD as described by McLay et al. [12] on a Philips 201 microscope. The second microscope was used because the Corinth was decommissioned during the course of our study. Six or seven photographs were taken of the thinnest uniform areas of GBM from different peripheral capillary loops where epithelial and endothelial cells were closely adherent and sectioning appeared not to be oblique. The standard crossgrating replica was again photographed at the beginning and end of each film. Prints were made to a final magnification of approximately 30000.
Measurements were made by a second author (TP) with the photographs still coded. The four thinnest sections of basement membrane along a length of at least 3.3 urn were measured on the four most suitable photographs (Figure 1) . The distance between cell plasma membranes perpendicular to the plane of the GBM was measured using a x 10 measuring magnifier. An arithmetic mean was calculated for the 16 measurements on each glomerulus.
To assess repeatability of the two techniques 10 randomly selected cases were rephotographed on the Philips 201 microscope for each method. This work was performed without knowledge of the previous results. 
Statistical analysis
Results of the two measurement techniques were compared by paired / tests. Limits of agreement and coefficients of repeatability were calculated as described by Bland and Altman [13] .
techniques. The delayed fixation of externally referred cases did not affect the agreement between methods. Figure 2 shows the direct measurement results, using one or both glomeruli, plotted against the orthogonal intercept results. It is clear that the two results are associated, as would be expected, and that the direct measurement method gives lower values. However, although on average the direct method was 80 nm less than the orthogonal intercept method, there was considerable variation in the difference in individual cases. This is best shown by Figure 3 , which illustrates the difference between the two methods plotted against the + Direct method on 1st glomerulus° Direct method on both glomeruli
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Orthogonal intercept method (nm) Fig. 2 . GBM thickness by direct measurement method (1 or 2 glomeruli) versus orthogonal intercept method. Table 2 shows the mean GBM thickness for the 31 cases measured by the two methods described. The direct measurement method was used on the two glomeruli for each case separately and an arithmetic mean then calculated. The direct measurement results were significantly different from the orthogonal intercept results (P< 0.001) but not from each other.
Results
The order in which the biopsies were received, or that in which the direct measurement method was performed, were not associated with the absolute results or the difference between the results of the two mean for the two methods in each case. Using the first glomerulus only (as described by McLay et a/.), the mean difference was 81 nm with a standard deviation of 26 nm. The limits of agreement (within which 95% of differences would be expected to lie) are therefore -131 to -30 nm (mean ± 1.96 SD). Using two glomeruli for the direct measurement gave a mean difference of 80 nm with limits of agreement of -120 to -41 nm.
The coefficient of repeatability (within which 95% of differences between repeat measurements would be expected to lie) was 39 nm for the orthogonal intercept method, 56 nm for the direct measurement method on one glomerulus, and 38 nm on two glomeruli.
Discussion
The theoretical basis for the orthogonal intercept method has been well described [10, 11, 15] and it has been extensively applied to the measurement of glomerular basement membrane in both human and animal material. There are several reasons why it has been regarded as the technique of choice. A large number of measurements are used to obtain a representative result. The harmonic mean can be shown to be statistically more accurate. The modifications described by Dische [9] include a number of procedures to reduce the possibility of bias in the selection of areas to photograph or sites to measure. This is potentially important as it is possible, with practice, to judge the GBM thickness by eye.
The direct measurement method [12] is immediately attractive because it is considerably simpler and quicker to perform. Using only one glomerulus, we estimate savings of 4 h per case in preparation, photography, measurement, and calculation times. Even using two glomeruli there should still be a saving of perhaps 2.5 h per case. McLay and colleagues point out that their method is more sensitive to localized thinning such as can occur in some glomerulonephritides [16] . However, TMN has traditionally been regarded as a diffuse condition [4] and our study was performed on biopsies where other glomerular diseases had been excluded. These are the sorts of cases that are likely to be referred to an electron-microscopy department for GBM measurement. Where TMN and other glomerular diseases might coexist [17] the orthogonal intercept method might be considered more appropriate.
From Figure 2 it is clear that the results of the two methods are associated, with the direct measurement on average some 80 nm less. However, Figure 3 shows that there is a considerable range of differences reflected in the wide limits of agreement. It is possible that stored grids may deteriorate but we excluded the one case where the sections were of such poor quality as to make selection of suitable areas impossible. There was no evidence of increasing agreement with more recent biopsies. There was also no evidence of improving agreement as we became more experienced in the direct measurement technique. Another explanation is that the unavoidable use of two microscopes may have 1259 introduced error. In spite of correcting for magnification changes by the cross-grating replica there may still be differences in astigmatism between the Philips and Corinth microscopes (although measurements of the replica photographs suggest this to be less than 1% for both).
As Bland and Altman point out [13] , when comparing methods of measurement it is also necessary to consider the accuracy of the separate methods. This can be assessed by the repeatability coefficients. The repeatabilities of the two methods of measurement limit the amount of agreement which is possible. Surprisingly, the repeatability of the direct method using two glomeruli is as good as that of the more complicated orthogonal intercept method.
Both the repeatability coefficient and the limits of agreement are calculated from the standard deviation of differences between pairs of measurements (the repeatability coefficient being 1.96 x the standard deviation of differences between repeats; the limits of agreement being the mean difference plus or minus 1.96 x the standard deviation of differences between methods). Using two glomeruli for the direct method, the standard deviation for comparisons between methods (20 nm) is very similar to those for repeat measurements using either method (direct 18 nm, orthogonal intercept 19 nm). If the two methods were measuring essentially different quantities one would expect the comparisons between methods to be much more variable than the repeats of one or other method. It thus seems reasonable to us to substitute the results of one technique for those of the other, with a correction factor of 80 nm, in cases such as we have described.
Recently Bull and Griffiths [14] performed a similar comparison study using nine cases of TMN (diagnosed by an orthogonal intercept method) and 17 'controls' with other renal diseases. The results have only been published in abstract form. They report a strong correlation between the two methods; however, the correlation coefficient is an inappropriate means of comparing two measurement techniques [13] . They also found that the direct measurement technique distinguished controls from cases of TMN. This may be due to the GBM thicknesses in the two groups being very different rather than reflecting good agreement between the methods of measurement.
It is surprising that the orthogonal intercept method does not perform better. We have been unable to find any other published assessment of the repeatability of the technique in routine use. However, Gundersen and 0sterby [15] , on the basis of work in rats and a crude time/benefit analysis, recommended the use of two glomeruli, 14 micrographs, and 250 measurements per case. Our protocol was very close to this. If the use of two microscopes was to blame for the poor repeatability, the agreement between methods would also have been affected, giving rise to a larger standard deviation for differences between methods (measured on different microscopes) than for repeat direct measurements (on the same microscope). As shown above, this was not the case. Nevertheless the repeatabilities are only just acceptable and it might be wise in borderline cases to measure a third glomerulus.
In our experience there are two problem areas for the orthogonal intercept method. These are the assessment of where mesangial basement membrane begins and ends, and how to deal with areas of localized lifting of the endothelium from the basement membrane.
It is important to note that we have not attempted to define a cut-off or range for normal GBM thickness but simply to compare two measurement techniques. A 'normal' range can be defined on the basis of measurements in a large number of cases without renal disease. The best such study, by Steffes and colleagues [7] on transplant donor biopsies, using similar techniques to our own, would suggest a range of 236-416 nm for women and 289-457 nm for men using the orthogonal intercept method (mean±2 SD) which corresponds to lower limits of 156 nm and 209 nm respectively by the direct method.
If, as seems likely, GBM thinning is a marker for a biochemical abnormality predisposing to the development of haematuria, an overlap between GBM measurements in cases and normals might be expected. A cut-off would then have to be set to optimize the sensitivity and specificity for haematuria on the basis of measurements not only in normals but also in cases of unexplained glomerular haematuria. No large study of this nature has been reported, although Dische (using different fixation from ours) suggests an empirical figure of 340 nm [9] .
On the basis of our results we would consider the method described by McLay and colleagues as suitable for use in the diagnosis of thin-membrane nephropathy provided at least two glomeruli are studied and other diseases have already been excluded. Ideally an appropriate normal range should be established in each laboratory.
